A. NEL025C detection by Northern blot using the same membrane and probe shown in Figure 1C , with longer exposure. Indicated values correspond to NEL025C levels quantified by RT-qPCR and normalized on scR1. Normalized NEL025C level for wild-type cells shifted in glucose-containing medium was set to 1. ND: not determined.
B. XUT1678 accumulation depends on the Pap1 poly(A)-polymerase. YAM92 (WT), YAM97 (xrn1), YAM1364 (pap1-1), YAM1416 (pap1-1 xrn1), YAM2456 (rrp6) and YAM2457 (pap1-1 rrp6) cells were grown to mid-log phase in YPD medium at 25°C, then shifted at 37°C for 1 hour. A. Experimental strategy overview. Total RNA was extracted from exponentially growing WT and xrn1 cells of different laboratory strains of S. cerevisiae. After depletion of rRNA, strand-specific RNA-Seq libraries were constructed and paired-end sequenced. Reads were uniquely mapped on the S288C reference genome with a tolerance of 3 mismatches per read to take into account the existence of SNPs between the different strains. Transcripts were assembled using the ZINAR segmentation protocol, and then the most robust XUTs were selected using a min. 2-fold enrichment in the xrn1 mutant and a significant P-value upon differential expression analysis. In parallel, XUTs TSS were re-annotated using CAGE-Seq data obtained from decapping-deficient cells. 
C.
Overlap between the 1681 XUTs of S288C, the 1046 Dcp2-sensitive XUTs and the 101 Dcp2-sensitive lncRNAs (Geisler et al., 2012) .
D.
Size distribution of uniquely mapped CAGE-Seq reads from WT and dcp2-7 samples.
E.
Distance between the TSS of the 625 XUTs re-annotated using CAGE-Seq and their former 5'
coordinates obtained from segmentation of RNA-Seq signals. cells shifted for 2 hours at 37°C were visualized as heatmaps using the VING software . Annotated ORFs, SUT and XUT are represented as blue, grey and red arrows, respectively.
B.
Venn diagram showing the number of XUTs of S288C (Xrn1, n=1681) that are sensitive to NMD (Upf1, n=1229) and decapping (Dcp2, n=1046).
C.
Overlap between the 1681 XUTs of S288C, the 1229 Upf1-sensitive XUTs and the 1146 uRNAs .
D. Venn diagram showing the number of S288C XUTs with total RNA-Seq mutant/WT ratio ≥2 in
xrn1, upf1 and upf1 xrn1. Libraries were previously described (Malabat et al., 2015) and data were retrieved from the NCBI GEO database (accession number GSE64139).
E. Density plot representation of the distribution of total RNA-Seq mutant/WT ratio for XUTs (solid lines) and snoRNAs (dashed lines) in xrn1 (red), upf1 (blue) and upf1 xrn1 (black). Same data as above.
F. Snapshot of fragmented RNA (upper panel) and ribosome profiling (lower panel) signals for ARG1
mRNA (+ strand, dark blue) and the antisense XUT1678 (-strand, red) in upf1 cells. Libraries were previously described and data were retrieved from NCBI BioProject accession number PRJNA245106. ARG1 mRNA and XUT1678 are represented by blue and red lines, respectively, below the two panels. Arrows represent (s)ORFs. (see below). The snapshot was produced using VING .
D.
Northern blot detection of small RNAs. RNAs < 100 nt purified from total RNA of exponentially growing WT (YAM1730), RNAi + (YAM1725), xrn1 (YAM2271) and xrn1RNAi + (YAM1982) cells were separated on polyacrylamide gel, transferred on nylon membrane and chemically cross-linked. Small
RNAs derived from FAR1, TAT1 and TY1 mRNAs were detected using 32 P-labelled oligonucleotides.
snR52 was used as a loading control. A. Sensitivity of XUT0051 and XUT0521 to Xrn1 and NMD. Tag densities for XUT0051 and XUT0521 in xrn1 (YAM1), upf1 (YAM202) and their respective WT were computed from the total RNA-Seq data described in Figures S2 and 4A .
B. Growth curves. WT (YAM115) and tetOFF::MTR4 (BSY1756) cells were grown in YPD medium to mid-log phase at 30°C, then doxycycline was added at a 10 µg/ml final concentration. Growth was followed by measuring OD 600 . Y-axis corresponds to (OD 600 at T x )/(OD 600 at T 0 ), in log scale.
C-D. Metagene representation of Mtr4 binding along mRNAs (C) and XUTs (D). The upper and lower
parts of each panel show the signals along the considered transcript class (mRNA or XUT) and along its antisense strand, respectively. TSS and TTS correspond to transcription start site and transcription termination site of the considered transcript, respectively. x-axis is in virtual nt. Solid and dashed lines correspond to specific Mtr4 binding signals and background signals obtained with an untagged strain, respectively. Libraries were previously described (Tuck and Tollervey, 2013) and data were retrieved from the NCBI GEO database (accession number GSE46742). and solo XUT1186 (G) were grown in CSM-U to mid-log phase at 30°C. Levels of the anticomplementary transcript of XUT1092 and XUT1186 were determined and normalized as described above. XUTs levels in the WT strain, in each condition, was set to 1. Figure S7 . Segmentation of total RNA-Seq data using ZINAR; related to Experimental Procedures.
E. WT (YAM1)
3880 segmentations were performed with ZINAR using different sets of parameters (sliding window size and signal threshold). For each of them, the number of properly detected ORFs and detected SUTs was plotted. Each point corresponds to one segmentation. The selected segmentation is highlighted in red (parameters used were sliding window = 5 nt; threshold = 146,88 tag/nt). 
Supplemental experimental procedures

Yeast strains and plasmids
Yeast strains used in this study are listed in Table S1 . Mutant strains were constructed by transformation or standard meiotic crosses. Anti-complementary sequences to solo XUT1092, XUT1150 and XUT1186 were cloned in the pMD2 multi-copy vector (Van Mullem et al., 2003) , giving the pAM448, pAM449 and pAM450 plasmids, respectively, and expressed from a constitutive PGK1
promoter. Absence of mutation was confirmed by sequencing of the inserts.
Total RNA extraction
Total RNA was extracted from exponentially growing cells using standard hot phenol procedure. Extracted RNA was ethanol-precipitated, resuspended in nuclease-free H 2 O (Ambion) and quantified using a NanoDrop 2000c spectrophotometer and/or a Qubit fluorometer with the Qubit RNA HS Assay kit (Life Technologies). In addition, RNA quality and integrity was checked by Northern blot and/or analysis in a RNA 6000 Pico chip in a 2100 bioanalyzer (Agilent).
Purification of poly(A) + RNA
Poly(A)+ RNA was purified from 500 µg of total RNA using the PolyATtract® mRNA Isolation System IV (Promega). Unbound poly(A) -and purified poly(A) + fractions were concentrated using ethanol precipitation, and then resuspended in nuclease-free H 2 O (Ambion).
Northern blot
For long RNA detection, 10 µg of total RNA were separated on denaturing 1.2% agarose gel and then transferred to Hybond TM -XL nylon membrane (GE Healthcare). For detection of small RNAs by Northern blot, 5 µg of purified <100 nt RNA were separated on 15% TBE-Urea polyacrylamide gel.
After transfer to a Hybond-NX nylon membrane, small RNAs were chemically cross-linked using EDC (Pall and Hamilton, 2008) .
32
P-labelled oligonucleotides (listed in Table S2 ) were hybridized overnight at 42°C in ULTRAhyb®-Oligo hybridization buffer (Ambion). After hybridization, membranes were washed twice in 2X SSC/0.1% SDS for 15 minutes at 25°C, and once in 0.1X SSC/0.1% SDS for 15 minutes at 25°C.
Membranes were exposed to Storage Phosphor screens. Signal was detected using a Typhoon Trio
PhosphorImager and the ImageQuant TL v5.2 sofware (GE Healthcare).
Strand-specific reverse transcription
Strand-specific reverse transcription reactions were performed from 1 µg of total RNA, using the SuperScript®II Reverse Transcriptase kit (Invitrogen), in the presence of actinomycin D at a final concentration of 6,25 µg/ml. For each sample, a control without RT was also included. Subsequent quantitative real-time PCR were performed in technical duplicates on a LightCycler® 480 instrument (Roche). Oligonucleotides used are listed in Table S2 .
Total RNA-Seq
Strand-specific total RNA-Seq libraries were prepared using the TruSeq® Stranded Total RNA kit (Illumina), starting from 125 ng of rRNA-depleted RNA (Ribominus Eukaryote System v2) or alternatively from 125 ng of Terminator-treated RNA. In this case, 5 µg of total RNA were treated for 1 hour at 30°C with 1 Unit of Terminator™ 5'-Phosphate-Dependent Exonuclease (Epicentre), followed by phenol/chloroform extraction and ethanol precipitation. For each strain/condition, total RNA-Seq analysis was performed from two biological replicates. Paired-end sequencing of the libraries was performed on a HiSeq 2500 sequencer (Illumina).
Reads were mapped to the S. cerevisiae S288C reference genome (12/12/2011 version, retrieved from SGD, http://www.yeastgenome.org/) using version 2.0.6 of the TopHat software (Kim et al., 2013) , with a tolerance of 3 mismatches per read and a maximum size of 5000 bp for introns.
Tags densities were normalized on snoRNAs levels for all subsequent analyses.
ZINAR segmentation
Segmentation from paired-end RNA-Seq data was performed using an in-house algorithm referred to as ZINAR, inspired from a previously described method (Van Dijk et al., 2011) . Briefly, the uniquely mapped reads from the xrn1 mutants were pooled. A signal was computed in a strandspecific manner for each nucleotide as the number of times it is included in a read or in the insert between two properly paired reads. The signal was transformed in log 2 value and smoothed using a sliding window (the size of the window was parameterized, ranging from 5 to 200 nt). All genomic regions that showed a smoothed log 2 signal value above a threshold were reported as segments (this threshold was also parameterized, ranging from 1,44 to 432). XUTs were defined as the ≥200 nt segments that do not overlap ORF, tRNA or sn(o)RNA, that show a 2-fold enrichment at least in the xrn1 context compared to the wild-type and with a P-value ≤0.05 in a differential expression analysis using DESeq (Anders and Huber, 2010) . DESeq provides P-values by comparing the two biological replicates for each condition independently, thereby taking into account the variability between replicates. In total, 3880 segmentations with different sliding window size and threshold parameters were tested in parallel, among which we arbitrarily selected the one showing the best compromise between SUT and ORF detection ( Figure S7 ). Parameters corresponding to the selected segmentation were: sliding window size = 5 nt; threshold = 146,88 tag/nt. Importantly, we controlled that all XUTs showed an expression level higher than the common arbitrary threshold of 1 FPKM (Fragment Per Kilobase per Million mapped reads) in each of the two xrn1replicates, in at least one of the laboratory strain in which they were annotated. Finally, a XUT was reported as antisense when the overlap with the sense ORF was ≥1 nucleotide (the region of overlap being actually larger since the 5'-or 3'-UTR of the sense mRNA are not considered in the definition).
CAGE-Seq
Construction of CAGE-Seq libraries was performed as described (Takahashi et al., 2012) , starting from 5 µg of total RNA extracted from two biological replicates of wild-type (YAM1) and dcp2-7 (YAM2283) cells shifted for 2 hours à 37°C. Libraries single-read sequencing (40 nt read length) was performed on a Genome Analyzer sequencer (Illumina). After demultiplexing using an inhouse script, reads were filtered to retain only those containing the EcoP15I restriction site and with a G as a first base of the insert. Adapter sequences were then removed using version 1.2.1 of cutadapt. Finally, reads with 25 to 27 nt insert were selected (expected read length was 26 nt) and mapped to the reference genome using version 0.12.7 of Bowtie , with a tolerance of 3 mismatches. Globally, a total of 21 to 28 million of reads were sequenced per library, resulting in 3 to 4 million of uniquely mapped 25-27 nt reads used for subsequent analysis.
Peak-calling
To identify transcription start sites (TSS) using CAGE signals, we developed an in-house peakcalling algorithm. Briefly, the CAGE-Seq signal was scanned within a +/-200 nt window around the n nucleotide of the genome. Two parameters were used to define peaks within the window: for each position of the window, the minimum number a uniquely mapped reads starting at the considered position, in each of the two biological replicates (1, 2, 5, 10, 15 or 20) , and the minimum ratio between the signal at this position and the total signal within the window (0.05, 0.1, 0.15 or 0.2). The window was then slided 10, 25 or 50 nt downstream (therefore centered on nucleotide n+10, n+25 or n+50, respectively). Consequently, each position of the genome was encompassed in several sliding windows. In total, we tested 72 combinations of parameters for the wild-type and the dcp2-7
conditions. Parameters selected for the two conditions were: 10 nt interval between two sliding windows, reads/replicate ≥5, signal/total ratio ≥0.15. Finally, a position was defined as a genuine CAGE peak when it passed these criteria for ≥ 90% of the windows encompassing it.
The peaks identified using these parameters were compared with annotated TSS of mRNAs and SUTs for which RNA-Seq signal in the dcp2-7 mutant was ≥1 RPKM (Read Per Kilobase per Million mapped reads), which was the threshold under which a transcript was considered as not expressed.
We noted that 69 % of the peaks detected in the dcp2-7 context were located within the +/-100 nt surrounding the annotated TSS of these mRNAs and SUTs (annotation of mRNAs was retrieved from the reference genome R63 and imported into our reference genome using Blastn alignments).
For re-annotation of XUTs TSS, we only considered the 1414 XUTs with total RNA-Seq signal ≥1 RPKM in the dcp2-7 context. For 625 of them, we detected at least 1 CAGE peak in the vicinity (+/-100 nt) of the TSS predicted by the segmentation. Consequently, TSS of these XUTs was re-annotated according to the position of the CAGE peak (for XUTs with more than 1 peak, we used the position giving the largest transcript). In addition, there were 15 pairs of tandem XUTs, separated by less than 200 nt, with variation of RNA-Seq signal (in RPKM) ≤25%, and for which the peak-calling only detected CAGE-Seq peak(s) for the first XUT. In these cases, the two tandem XUTs were fused into a single, large XUT.
Comparative analysis of CAGE-Seq and TSS sequencing signals
Processed wig files containing both positions and normalized signals for TSS identified by TSS sequencing in WT and upf1 conditions (Malabat et al., 2015) were retrieved from NCBI GEO database (accession number GSE64139). After RPM normalization, efficiency of CAGE-Seq and TSS sequencing was compared using metagene representations of the +/-100 nt region around annotated 5' end of mRNAs, SUTs and XUTs.
Small RNA-Seq
Small-RNA libraries were already described . Briefly, they were constructed according to the "Small RNA Sample Preparation Guide" (Illumina), using 10-40 nt small
RNAs purified from total RNA with the flashPAGE Fractionator (Ambion) or on 15% TBE-urea
